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In this paper, the growth curves of yeast cells exposed to X-rays were detected, and then fitted by Gompertz 
equation. The yeast cells treated with 50-125 Gy showed an increased exponential growth rate, and lower 
total biomass at plateau. At doses > 150 Gy, cells showed a decreased exponential growth rate and higher 
total biomass at plateau. DNA lesions were detected by comet assay. Meanwhile, intracellular accumulation 
of reactive oxygen species (ROS), reduction of mitochondrial membrane potential (AWm) and cell membrane 
integrity were evaluated. We conclude that X-ray irradiation results in DNA lesions, ROS accumulation and 
AwWm decline in a dose-dependent manner, and that these changes may be one of causes of X-rays-induced 
apoptosis in yeast. Furthermore, yeast cell membrane integrity appeared compromised following irradiation, 


suggesting that membrane damage may also have a role in the biological effects of radiation. 
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I. INTRODUCTION 


Saccharomyces cerevisiae, a kind of industrial microorgan- 
ism, has been widely applied in fermented industries of wine, 
beer, and baked foods. As a eukaryotic model organism, the 
complete genomic sequence of S. cerevisiae has been deter- 
mined. S. cerevisiae can be used for studying the relative 
biological effectiveness (RBE) of ionizing radiations (IR) in 
higher dose level. Extensive researches [1—4] addressing the 
adverse effects of IR exposure, using yeast as a model system, 
have largely been directed toward mutation induction, DNA 
double-strand break (DSB) repair, and cell cycle effects. 

IR absorption by living cells can directly disrupt atomic 
structures, producing chemical and biological changes. It can 
also act indirectly through radiolysis of water, thereby gener- 
ating reactive oxygen species (ROS) that may damage nucle- 
ic acids, proteins and cell membrane. An important feature 
of IR is the spatial distribution of DNA lesions induced as 
a consequence of energy being deposited unevenly along its 
track. An X-ray photon deposits most of its energy in a single 
ionization event, but about 30% of the ionization events are 
formed closely together leading to the production of clustered 
damage [5]. IRs also affect the function and structure of cell 
membranes [6]. This may cause X-ray-induced apoptosis in 
yeast. Remarkably, the processes occur not only in irradiated 
cells but also in their progeny [7, 8]. Furthermore, radiation- 
induced oxidative stress may spread from targeted cells to 
non-targeted bystander cells through intercellular communi- 
cation mechanisms [9]. Progeny of the bystander cells also 
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experience perturbations in oxidative metabolism and exhibit 
a wide range of oxidative damage [10]. Therefore, the expo- 
sure to sublethal doses of IR may affect the process of mi- 
croorganism growth. Together, the direct and indirect effects 
of radiation trigger a series of biochemical and molecular sig- 
naling events that may repair the damage or culminate in per- 
manent physiological changes or impact to the survival of the 
progeny or cell death [11]. 

IR is classified as either electromagnetic or particulate, 
whereas X-rays belong to electromagnetic radiation, which 
has been frequently utilized as models of low-linear energy 
transfer ow-LET) radiation to explore the biological effects 
of various radiations. Up to now, much work has been re- 
ported about yeast destruction induced by X-ray irradiation 
of certain doses. However, little information is comprehen- 
sive and systematic to investigate the effects of growth and 
physiological-biochemical characteristic. The objective of 
the current study is to evaluate the impacts of X-ray treatment 
on yeast growth by measuring and fitting the growth curves 
according to Gompertz equation and to monitor DNA dam- 
age by comet assay. ROS accumulation, mitochondrial mem- 
brane potential (AWm) (early signal of apoptosis), and cell 
membrane integrity were analyzed using flow cytometry with 
staining 2’7’-dichlorofluorescin diacetate (DCFH-DA), rho- 
damine123 (Rh123) and propidium iodide (PI), respectively. 


Il. MATERIALS AND METHODS 
A. Strain, medium and growth condition 


The S. cerevisiae strain used throughout the work is CIC- 
C 1308 (MATa, budding, haploid) (obtained from the Center 
of Industrial Culture Collection of China). Yeast cells were 
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inoculated in 20mL yeast peptone dextrose (YPD) medium 
(1% yeast extract, 2% peptone and 2% glucose), and grown 
with mechanical oscillation (200 rpm) at 30°C. In order to 
optimize the growth, cells were continuously cultured three 
times. Then, yeast cells were cultured until reaching log 
phase (about 9h) to been treated by X-ray irradiation. 


B. X-ray irradiation 


The aforementioned yeast cells were divided into eight 
groups at random. Each group was put into an individual ster- 
ilized dish of 635mm. The samples of the same cell density 
were irradiated in an ice bath to doses of 0, 25, 50, 75, 100, 
125, 150 and 175 Gy with X-rays from an RX-650 X-ray bi- 
ological irradiator (FAXITRON, USA) operated at 100kV. 
The dose rate was 1.5 Gy/min. All samples were treated un- 
der the same conditions, except irradiation doses. At the dose 
rate, the 175 Gy irradiation took 117min. To exclude the 
differences in irradiation time, all samples (0-175 Gy) were 
kept on ice for 117 min. A sham-irradiated control was used 
as reference. 


C. Determination of yeast cells growth curve 


After irradiation, the yeast cells were inoculated into 50 mL 
YPD medium (inoculum concentration = 1%) to prepare yeast 
suspension for growth curve determination. The growth curve 
of yeast was measured by a turbidimetric method. The ab- 
sorbance values (OD) were measured at 600 nm every 3h to 
determine the biomass of yeast as described [12]. All the ex- 
periments were made in triplicate. The sham-irradiated cul- 
ture served as control. Afterwards, the data points were fitted 
by Gompertz equation that can be used to describe the growth 
characteristics of yeast [13, 14]. The equation is as follows, 


N = Nobel, (1) 


where JN is the total increment in biomass at time t; No is 
the initial cell concentration; b is the equivalent yeast counts; 
cis the early adaptability to growth; and d is the growth rate 
constant. 


D. Detection of DNA damage by comet assay 


Cell culture of 1mL was harvested by centrifugation at 
5000 rpm, 4°C for 5 min and washed twice with the same 
volume of S buffer (1 M sorbitol, 25 mM KH,PO,, pH 6.5). 
The cells were resuspended in 500 uL S buffer, adding 1 uL 
B-mercaptoethanol and 500 uL lyticase (0.5 U /uL) at 37°C, 
1h to obtain spheroplasts. Spheroplasts were collected by 
centrifugation at 5000rmp, 4°C for 5min, and washed with 
the same volume of ice-cold S buffer. The comet assay was 
performed according to the protocol adopted for yeast cell- 
s [15, 16]. The pellets were resuspended carefully in the 
500 uL 1.5% low-melting agarose (w/v in S buffer) at 35°C. 
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Then 40uL of this mixture were spread over a slide coated 
with a water solution of 0.5% normal-melting agarose, cov- 
ered with a cover slip, and placed on ice to solidify. After 
cover slips were removed, the slides were incubated in ly- 
sis buffer (30 mM NaOH, 1M NaCl, 0.05% laurylsarcosine, 
50mM EDTA, 10 mM Tris-HCl, pH 10) for 20 min at 4°C. 
Subsequently, the slides were submerged in electrophoresis 
buffer (30 mM NaOH, 10 mM EDTA, and 10 mM Tris-HCl, 
pH 10) for 20 min at 4°C. The samples were then submitted 
to electrophoresis in the same buffer for 8 min at 0.5 V/cm. 
After electrophoresis, the slides were incubated in a neu- 
tralization buffer (10 mM Tris-HCl, pH 7.4) for 10 min, fol- 
lowed by consecutive incubations in 76% and 96% ethanol 
and both for 5min at room temperature. The slides were 
then air-dried and stained with 20 uL ethidium bromide (EB) 
(2mg/mL), covered with a cover slips and analyzed comet- 
s by fluorescence microscopy (Olympus BX61, Japan) at 
x 400 magnifications, which 50 representative comets of per 
slide and 6 slides per sample were acquired. The exten- 
t of DNA damage was quantified with the help of freeware 
Cometscore using index of Olive Tail moment (OTM). 


E. Detection of ROS 


Analysis of intracellular ROS was performed with DCFH- 
DA (Sigma-Aldrich) as described previously [17]. Briefly, 
DCFH-DA at a final concentration of 10 uM was added to 
0.5 mL of cell suspension (1 x 10” cells/mL), followed by in- 
cubation at 37°C for 20 min and then the cells were washed 
three times with PBS to remove the DCFH-DA, which had 
not entered the cells. Afterwards, the cells were entered FAC- 
SAria II flow cytometer (BD, USA) to measure with an ex- 
citation of 488nm and an emission of (530 + 15) nm (FL1 
channel). 


F. Detection of AYm 


The assessment of AWm was performed utilizing the 
fluorescent probe Rh123 (Sigma-Aldrich) staining and the 
procedure as described elsewhere [18]. After X-rays treat- 
ment, yeast cells were harvested and washed three times with 
PBS and incubated with Rh123 at 10uM for 30 min in the 
dark. The cells were then recovered, resuspended in 400 mL 
distilled water and analyzed on the FACS Aria II flow cytome- 
ter (BD, USA) by the FLI channel ((530 + 15)nm). The 
green fluorescence was gated in a scattergram of SSC (side 
scatter) FSC (forward scatter) in order to include the subpop- 
ulation with the highest frequency and homogeneity in the 
fluorescence measurement. 


G. Detection of cell membrane integrity 


Cell membrane permeability was monitored with 
the PI (Sigma-Aldrich). 0.5mL of cell suspension 
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(1 x 10’ cells/mL) in PBS buffer (pH 7.2), was incu- 
bated with PI (in a final concentration of 10 uM), for 30 min 
30°C in the dark. Subsequently, cells were washed three 
times with PBS. Analysis was also performed on FACSAria 
II flow cytometer (BD, USA) and PI was collected in the FL2 
channel ((620 + 15) nm). 


H. Reproducibility of the results 


All experiments were replicated, independently, at least 
three times for each radiation doses. Regarding to flow cy- 
tometry, the rate was adjusted to keep acquisition at 200 cells 
per second and a total of 10000 events were registered per 
sample. Although, in fluorescence measurements, absolute 
data were not comparable in the experiments performed on 
different days, the observed trends were fully consistent a- 
mong the independent experiments and a typical example is 
shown. The software FlowJo7.6 was used to analyze flow cy- 
tometric data. The data reported for growth curve were the 
mean +SD of three independent experiments. 


Il. RESULTS AND DISCUSSION 
A. Growth curve of yeast 


Various kinds of external stresses could significantly im- 
pact the yeast growth and the dose effect itself. Low dose 
microwave favors yeast growth accompanying a repairable 
increase in cell membrane permeability. The reasons are low- 
level energy produces molecular transformations and alter- 
ations, but the energy is too weak to break down the chemical 
bonds or primary structure [13, 14, 19]. On the contrary, high 
dose microwave reduces the yeast growth or directly lead to 
cell death. 

To examine the X-ray effects on yeast growth, yeast cells in 
the mid-exponential phase were irradiated by X-rays and then 
inoculated to 50 mL fresh YPD medium to analyze the growth 
curve using ODgoo which represents the yeast biomass [12]. 
As shown in Fig. 1, the yeast biomass increased gradually 
with the time of culturing. The cells entered the logarith- 
mic phase after about 3h and reached the post-diauxic phase 
at around 18h. Then they finally passed into the stationary 
phase when the biomass decreased slightly. At 25 Gy dose, 
the process of yeast growth is almost similar to the sham- 
irradiated control, as 25 Gy is too low to produce a significant 
impact on yeast cells. However, the 50—125 Gy treatments re- 
sulted in a longer pre-exponential lag and rapider exponential 
growth rate than sham-irradiated control. Moreover, the 50- 
125 Gy irradiated cells showed a much earlier diauxic shift 
(DS) and a consequent reduction of their total biomass at 
plateau. At 150 and 175 Gy, we observed a significantly re- 
duced exponential growth rate, a delayed DS and an increase 
of the total biomass at plateau. The time of half log phase and 
plateau phase were investigated and presented in Table 1. 

Gompertz equation was used to fit the growth curve, with 
a good fitting coefficient (data not shown). This indicates 
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Fig. 1. (Color online) Growth curves of yeast cells after X-rays treat- 

ment of various doses. OD were determined at 600 nm every 3h to 

measure the concentration of yeast cells, and was fitted by Gom- 


pertz function. Each point represents the mean of results of three 
independent experiments; standard deviations are presented. 


TABLE 1. The time of half log and plateau phases of yeast cell 
growth 


Dose (Gy) Time (h) 

Half log phase Plateau phase 
0 8.91 + 0.61 17.81 + 1.17 
25 8.69 + 0.54 17.39 + 1.01 
50 8.27 +1.11 16.54 + 2.16 
TA 7.85 + 0.77 15.69 + 1.54 
100 8.06 + 0.64 16.12 + 1.29 
125 7.64 + 1.04 15.27 + 2.08 
150 14.21 + 1.45 28.42 + 2.89 
175 14.42 + 1.61 28.84 + 3.18 


that the growth characteristics of yeast can be well described 
by the Gompertz equation. According to the equation, the 
coefficients of No, b, c and d at different doses were obtained 
(Table 2). The growth rate constant, d, increased with the 
dose from 50-125 Gy, as compared with the sham-irradiated 
control. The total biomass of yeast, b, decreased with in- 
creasing the dose from 125 Gy, but it increased with the dose 
from 150-175 Gy. These indicate that X-ray irradiation make 
the growth rate of yeast cells increase in dose range of 50- 
125 Gy, but biomass at plateau appears reduced. At 150 Gy 
and 175 Gy, the growth rate reduced, the DS delayed and the 
total mass at plateau increased consequently. These phenom- 
ena can be rationalized by previous transcriptomic studies. 
At lower doses of X-ray irradiation, yeast cells are perfectly 
viable and proliferating, inducing a set of genes involved in 
response to oxidation, glucose metabolism, DNA repair and 
protein synthesis [20]. At 170 Gy, however, in spite of an 
induced 45% mortality and an efficient cell cycle arrest in 
G2, the irradiation is less effective in inducing anti-oxidative 
genes, histone and protein synthesis genes [21]. It is there- 
fore likely that yeast cells irradiated to lower doses in the ex- 
panded lag can accumulate proteins, which are required for 
a more efficient growth in oxidative conditions. They have a 
more efficient glucose consumption and therefore reach the 
DS earlier, typically with lower total biomass; while at high- 
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TABLE 2. Values of No, b, c and d in yeast cell growth, derived from Gompertz equation 


Dose(Gy) Parameters of Gompertz equation 
No b c D 

0 0.081 + 0.010 3.560 + 0.102 5.001 + 0.206 0.229 + 0.012 
25 0.098 + 0.015 3.512 + 0.128 6.202 + 1.702 0.260 + 0.034 
50 0.102 + 0.004 3.142 + 0.128 8.465 + 2.402 0.316 + 0.038 
75 0.105 + 0.011 3.042 + 0.116 6.978 + 0.140 0.288 + 0.039 
100 0.097 + 0.013 2.963 + 0.103 6.134 + 1.975 0.266 + 0.039 
125 0.098 + 0.017 2.867 + 0.107 5.990 + 2.126 0.262 + 0.043 
150 —0.080 + 0.158 4.275 + 0.306 3.146 + 0.800 0.132 + 0.024 
175 —0.272 + 0.338 4.620 + 0.578 2.508 + 0.784 0.106 + 0.025 


(b) 100 Gy (c) 175 Gy 


20 um 


20 um 20 um 


Fig. 2. (Color online) Fluorescence mages (at x 400 magnification) from yeast comet assays in the cells irradiated to 0, 100 and 175 Gy. 


er doses, proliferation is impaired and DS is delayed with a 
higher total mass at plateau. 


B. DNA damage induced by X-rays 


It is well known that IR can result in DNA damage by di- 
rectly physical effect and indirectly ROS, which are gener- 
ated at localized regions in the nucleus. IR possess exten- 
sive broadness and manners of different DNA lesions that can 
cause structural damage to the DNA molecule and can alter or 
eliminate the cell’s ability of gene transcription [22]. Of the 
total DNA lesions induced by IR, 80% are base modifications 
and 20% are sugar phosphate backbone damage [23]. Forms 
of DNA damage include double-strand or single-strand break- 
s (DSBs or SSBs), cross-links, oxidative base modification 
and clustered base damage. Regarding to the numbers of 
DNA lesions, one Gy IR have been estimated to be ap- 
proximately 1000 base modifications, 1000 SSBs, 40 DSBs, 
20 DNA-DNA cross-links, 150 DNA-protein cross-links and 
160-320 non-DSB clustered DNA damage per cell [24-26]. 
SSBs have lower biological impact since they are readily re- 
paired using the opposite stand as a template, whereas DSBs 
are thought to be much more deleterious and occur when the 
two strands simultaneously break in close positions. 

In order to quantify DNA damage of yeast cells exposed to 
X-rays, comet assay was applied in experimental conditions 
optimized for making detection of DNA damage more sensi- 
tive. For the quantitative index, we used OT M as a sensitive 
parameter for comet assay using a single cell species with a 
uniform DNA pattern and could evaluate a wide extent of D- 
NA damage. Quantification of DNA damage (OT M) in yeast 
cells irradiated to 0, 25, 50, 75, 100, 125, 150 and 175 Gy, are 


0.74+1.2*, 1.5+1.3*#, 2.4+1.0*#, 4.2+2.2*#, 6.5+1.8**, 
6.9+2.1*8, 8.5+3.1** and 13.7+2.9*# (At least 300 comets 
per experiment. *: p < 0.01 vs. control; $, #: p < 0.05 and 
p < 0.01 vs. prior group.). The results show that the DNA 
damage induced in yeast cells exposed to different doses of 
X-rays clearly increased with dose (p < 0.05 or p < 0.01). 
However, the increase of X-ray irradiation-induced DSBs fol- 
low a linear relationship in yeast cells [4], suggesting that 
the generation of DSBs may be more regular than total DNA 
damage in X-ray irradiated yeast cells. Similar results were 
observed by visual inspection of cell comet images at 100 and 
175 Gy (Fig. 2), and the extent of damage also appears aggra- 
vated with the increase of X-ray irradiation doses. 


C. ROS production induced by X-rays 


In cells irradiated by X-rays, energy deposition causes en- 
dogenous bursts of ROS alone the radiation track and in the 
intercellular matrix due to the effects of water radiolysis, and 
the track structure determines the relative potency of biolog- 
ical effects of different radiations [27, 28]. It is well docu- 
mented that the intracellular production of ROS causes cell 
damage. As a result, different signaling cascades responding 
to the stress conditions are triggered [29]. Also, ROS, as cel- 
1 death regulators, has been linked with the phenomenon of 
apoptosis in yeast cells [30, 31]. 

To investigate the ROS accumulation in X-ray-induced 
yeast cells, we determined ROS with DCFH-DA, which en- 
ters the live cell and emits green fluorescence as is oxidized 
by ROS [32]. In quantification ROS production, flow cyto- 
metric analysis (Fig. 3, histograms) showed that the subpop- 
ulation of positive cells with signal intensity over a threshold 
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Fig. 3. (Color online) ROS accumulation in yeast cells irradiated to different doses by X-rays. The histograms are flow cytometry analyses 
of production of ROS determined by DCFH-DA labeling, with the grey histograms being the control. The images are visualization of ROS 
production in yeast cells irradiated to 0 Gy (control), 100 Gy and 175 Gy by X-rays, and stained with DCFH-DA, with the upper panel being 
fluorescence micrographs of incorporated Rh123, and the lower panel being phase contrast micrographs of the same cells. 


value increased from ~ 11.6% at 0 Gy to ~ 71.3% at 175 Gy, 
in a well dose-dependent manner, i.e. the burst of ROS 
is proportional to the radiation dose. The microscopy ob- 
servations of cells of 100 or 175 Gy showed a strong green 
fluorescence (Fig. 3, the upper images), indicating consid- 
erable amounts of ROS in the cells; while the control cells 
showed no fluorescence. These indicate that X-ray irradiation 
cause intracellular accumulation of ROS, causing induced 
damages in the yeast cells. The results are corresponding to 
the changes of anti-oxidative genes transcriptional described 
Ref. [20]. ROS levels show similar dose effect of DNA dam- 


age (Fig. 2). Thus, it can be argued that the increased ROS 
level is responsible for the loss of activity and production of 
DNA lesions in yeast cells exposed to X-rays. 


D. X-ray irradiation decrease AYm 


The mitochondria play an important role in yeast respira- 
tory chain and energy coupling. And it was reported that 
mitochondrial involved apoptosis in yeast [33]. Mitochon- 
dria are well known as the primary coordinators of apoptot- 
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Fig. 4. (Color online) Change of AWm in yeast cells irradiated by different doses X-rays. The histograms are from flow cytometry analyses 
of AWm in the yeast cells stained with Rh123, with the grey histograms being the control. The fluorescence images are taken from yeast 
cells stained with Rh123 after treatment of 0, 100 and 175 Gy, with the upper panel being fluorescence micrographs of incorporated Rh123, 
and the lower panel being phase contrast micrographs of the same cells. 


ic processes to control the intrinsic apoptotic pathway [34], 
and the dissipation of AWm is an early event in the apopto- 
sis [35, 36]. Moreover, AWm is also an indicator of the mito- 
chondrial membrane integrity, which would depolarize when 
the membrane is perturbed, combining with less fluorescence 
probe [37]. 


The generation of ROS is an upstream event of AWm de- 
creasing. Therefore, we detected AWm in yeast cells treat- 
ed by X-rays. The yeast cells were incubated with Rh123, 
a fluorescent dye that specifically stains active mitochondri- 
a in living cells. The changes of Rh123 distribution in cells 
indicate variations in the AWm [38]. As shown in Fig. 4, 
compared with the 0 Gy cells, AWm of the irradiated yeast 
cells decreased with increasing doses of 25-175 Gy, with the 
percentage of the positive rate of Rh123 being 60.9% at 0 Gy 


and 24.2% at 175Gy. Similarly, the fluorescence intensity 
of green fluorescence in the 100 and 175 Gy-treated cells de- 
creased with increasing doses, and 175 Gy-treated cells was 
weaker than the 100 Gy-treated cells, confirming the AYm 
disruption in X-rays-treated cells. Our results show that the 
production of ROS is accompanied by a reduction of AWm 
in yeast cells treated with X-rays. The observations demon- 
strate that X-ray irradiation can result in depolarization of 
Awm because of the intracellular accumulation of ROS and 
cause the opening of the mitochondrial permeability transi- 
tion pore and mitochondrial swelling which eventually leads 
to the dysfunction of mitochondria. 
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Fig. 5. (Color online) Changes in cell membrane permeability in yeast cells irradiated to different doses by X-rays. The histograms are from 
flow cytometry analyses of cell membrane permeability evaluated by PI marking, with the rate of PI+ representing changes in permeability. 
The images are visualization of cell membrane permeability in PI-stained yeast cells treated at 0, 100 and 175 Gy, with the upper panel being 
fluorescence micrographs of incorporated PI, and the lower panel being phase contrast micrographs of the same cells. 


E. Change of cell membrane integrity induced by X-rays 


Research into the molecular mechanisms of the lesions of 
IR on organisms has been focused on complex, irreparable 
clustered DNA damage and deletion or insertion of single or 
multiple DNA bases [39]. Comparatively, the IR effects on 
yeast cell membranes have not been considered with enough 
attention, despite the fact that, as a physiological barrier, the 
cell membrane may be damaged due to the interaction be- 
tween X-ray photons and biological macromolecules of the 
membrane. The effects on cell membranes may be a reasons 
for X-ray irradiation caused yeast apoptosis or cell death. The 
damage of cell membranes leads to changes of permeability 
or integrity, which can be measured by the uptake rate of PI 
(Fig. 5). PI is a nucleotide-binding probe used extensively 
to assess the membrane integrity. PI can freely penetrate to 
the cell interior and combine with DNA [40, 41]. As shown 
in Fig. 5, the numbers of the uptake PI cells (permeabilized 


cells) increased after X-rays irradiation, which indicated that 
other targets could also be more vital to X-rays irradiation 
inactivation than DNA. 


IV. CONCLUSION 


The effects of X-rays exposure on S. cerevisiae cells 
growth and physiological-biochemical characteristic were in- 
vestigated, including DNA damage, ROS accumulation and 
the changes of AY m and cell membrane integrity. Relative- 
ly low doses of X rays irradiation (25-125 Gy) resulted in 
an increase of pre-exponential phase lag and of exponential 
growth rate. In the same range of doses we observed an ear- 
lier DS and a decrease of the total biomass at plateau. On 
the other end at higher doses (150 and 175 Gy), growth rate 
is decreased and DS is delayed with increased total biomass 
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at plateau. At the same time, X-ray irradiation led to the D- 
NA lesions, intracellular ROS accumulation and AWm de- 
crease in a dose-dependent manner. These damage or impact- 
s are also mainly cause X-rays induce yeast apoptosis or cell 
death. Moreover, our present study demonstrated that X-ray 
irradiation could destroy cell membrane integrity to a great 
extent. These results, which are in agreement with the ob- 
served increase of ergosterol biosynthesis genes upon X-rays 
irradiation [20], suggest that other targets besides DNA are 
damaged by radiation and may have a deep impact on the cell 


physiology. 
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